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(57) ABSTRACT

A trapezoidal shaped single-crystal silicon prism 1s formed
and permanently attached to an SOI wafer, or any structure
including a silicon optical waveguide. In order to provide
ellicient optical coupling, the dopant species and concentra-
tion within the silicon waveguide 1s chosen such that the
refractive index of the silicon waveguide 1s slightly less than
that of the prism coupler (refractive index of silicon=3.5).
An mtermediate evanescent coupling layer, disposed
between the waveguide and the prism coupler, comprises a
refractive index less than both the prism and the waveguide.
In one embodiment, the evanescent coupling layer com-
prises a constant thickness. In an alternative embodiment,
the evanescent coupling layer may be tapered to improve
coupling efliciency between the prism and the waveguide.

Methods of making the coupling arrangement are also
disclosed.

23 Claims, 10 Drawing Sheets
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PERMANENT LIGHT COUPLING
ARRANGEMENT AND METHOD FOR USE
WITH THIN SILICON OPTICAL
WAVEGUIDES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Provisional Appli-
cation No. 60/459,349, filed Mar. 31, 2003.

TECHNICAL FIELD

The present invention relates to a light coupling arrange-
ment for use with thin silicon optical waveguides and, more
particularly to arrangements and methods of making silicon-

based prism couplers that are permanently attached to sili-
con-based optoelectronic arrangements.

BACKGROUND OF THE INVENTION

To meet the bandwidth requirements of current and future
high-speed applications, state-of-the-art telecommunication
components and systems must provide a host of sophisti-
cated signal processing and routing functions, both in the
optical and electronic domains. As the complexity level
increases, mtegration of more functions and components
within a single package 1s required to meet system-level
requirements and reduce the associated size and cost of the
end system. It has been recognized for some time that the
integrated circuit devices, processes and techniques that
revolutionized the electronics industry can be adapted to
produce optoelectronic integrated circuits. In typical opto-
clectronic 1ntegrated circuits, light propagates through
waveguides of high-refractive-index materials such as sili-
con, gallium arsemide, lithium niobate, or indium phosphide.
The use of high-index matenials enables smaller size
devices, as a higher degree of mode confinement and tighter
bends may be accommodated. While all transmaitter, signal
processing and receiver functions may be incorporated 1n a
single optoelectronic integrated circuit, the system may also
be constructed from more than one package, in what 1s
defined herein as “multi-module mtegration . Multi-module
optoelectronic integration i1s required when a desired com-
ponent 1s incompatible with the integrated device. In some
cases, no method of fabricating the component 1s compatible
with the technology being considered, while 1n others 1t may
be 1mpossible to realize the full set of specifications for the
component in the integration platform. Even 1f all the
components are readily achievable in a single integrated
device, multi-module optoelectronic integration will still be
required to meet all user needs. For example, the end user
may require only a limited subset of the transmit/process/
receive functions, or the user may desire specific or unique
physical input and output signal configurations.

Multi-module optoelectronic integration 1s crucial to the
success of silicon-based optoelectronic integrated circuits. A
clear advantage of using silicon-based optoelectronic inte-
grated circuits stems from the fact that many required tools,
techniques, and processes have already been developed in
silicon to meet the needs of conventional electronics. In
addition, the material costs of silicon-based devices are
considerably lower than those for competing technologies
such as gallium arsenide or indium phosphide. However,
since silicon-based lasers are just beginning to be developed,
it 1s not currently possible to incorporate the light source 1n
the same silicon water as the signal processing and receiver
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clements. Thus, the light signal must be introduced to the
silicon waveguide from an external source.

One common external source 1s a separate laser module
emitting a free space beam, followed by optical elements to
shape, focus, and steer the beam, or adjust 1ts polarization
state. A second common external source configuration con-
sists ol a fiber-connected (referred to in the art as
“pigtailed ) laser module or another light signal delivered
through an optical fiber, again followed by a similar train of
optical elements. While receiving elements may be incor-
porated 1n the silicon wafer as on-chip or integrated detec-
tors, there are many applications where the user will need
direct access to the optical signal after the on-chip functions
have been performed. Thus 1t 1s approprniate to provide an
optical output port that would generally be a fiber-based
termination, although the preferred embodiments do not
exclude other output configurations.

A common prior art technique for coupling light from an
external source to a silicon waveguide 1s to cleave end facets
on both the waveguide and the mating fiber termination.
Examples of fiber terminations include, but are not limited
to: multimode or single-mode fibers with small or zero
cleave angles, and specially-shaped or lensed single-mode
fibers that produce spot sizes as small as 1.5 um. The fiber
termination 1s aligned to allow maximum light transmission
through the waveguide, and then fixed 1n position. Anti-
reflection (AR) coatings can be used on both the fiber
termination and the waveguide facet to reduce the Fresnel
losses. Since input and output ports for devices must be
located at edge facets of the waveguide-contaiming wafer
die, significant restrictions on device geometry (e.g., topol-
ogy and/or size) are imposed by using this prior art edge
coupling constraint.

The above-described edge coupling technique 1s effective
i the mode-field diameter of the desired mode in the
waveguide 1s similar to the spot size associated with the fiber
termination, and if the numerical apertures (NAs) of the fiber
termination and waveguide are well-matched. However, 1n
many practical applications, silicon waveguides must be
relatively thin, having a thicknesses of less than 0.35 um
(with a numerical aperture (NA) essentially equal to 1) to
remain single-mode 1n the vertical direction and enable
high-speed electronic applications. By way of comparison,
single mode fibers that are commonly used for telecommu-
nications applications have mode field diameters ranging
from 2.5—10 um, with NAs ranging from 0.1-0 4. Therefore,
it 1s clear that this edge coupling technique 1s not readily
applicable for use with relatively thin, sub-micron single
mode silicon waveguides.

As direct coupling in the above-described manner does
not provide a sufliciently small spot size, alternative tech-
niques to transier light into the waveguide must be used. In
one prior art technique, light 1s incident on a periodic grating
structure that may be fabricated through conventional litho-
graphic techniques. See, for example, Fundamentals of
Optoelectronics, Chicago, Richard D. Irwin, Inc., by C.
Pollock, 1995, at pages 309-320.

In a second prior art technique, the beam 1s incident upon
an optical element of high-index material that 1s disposed 1n
very close proximity to the wavegumde of interest. One
exemplary arrangement of this technique 1s disclosed 1n an
article enftitled “Theory of Prism-Film Coupler and Thin-
Film Light Guides” by P. K. Tien et al., appearing 1n the
Journal of the Optical Society of America, Vol. 60, 1970 at
pages 1325-1337. In this context, “very close proximity  1s
intended to mean that the separation distance between the
optical element and the waveguide permits evanescent cou-
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pling of light from the optical element to the waveguide. In
order for evanescent coupling to occur, the medium sepa-
rating the optical element from the waveguide must have a
refractive index that 1s lower than those associated with the
optical element and waveguide materials. In addition, the
refractive index of the launch optical element must equal or
exceed that of the waveguide material. In order to couple
light efliciently from the optical element to the waveguide
for a specified wavelength and waveguide thickness, light
must be incident on the waveguide at a specific angle of
incidence. To readily achieve the required angle of 1inci-
dence, the optical element i1s frequently fabricated in the
form of a prism. By varying the angle of incidence of the
external beam on the angled facet of the prism, the beam
inside the prism can be refracted at the desired angle. For
this reason, the evanescent technique 1s generally referred to
in the art as “prism coupling .

While coupling light into and out of a thin waveguide by
launching light 1nto and retrieving light from a high-index
prism or prisms 1n close proximity to the waveguide layer 1s
a well-established technique 1n laboratory and waveguide
characterization applications, the physical connection of the
prisms to the waveguide 1s temporary and not appropriate
for a finished device that will be subjected to typical user
conditions. Several mnovative developments are required
before prism coupling techniques can be effectively utilized
to couple a significant amount of light into and out of a
device prototype or a finished product.

For example, methods of physically attaching prisms and
waveguides to produce dimensionally stable interfaces with
both a high degree of mechanical integrity and suflicient
optical transmission are virtually undeveloped. Another key
clement 1s to 1dentify and develop appropriate materials and
mass production techniques for prism structures. Each prism
clement must be visually inspected and optically tested to
verily that 1t meets the stringent optical and mechanical
specifications required by most prism coupling applications.
Thus, current methods of prism fabrication cannot be readily
transferred to eflicient production of device structures
requiring multiple mput and output ports. Moreover, the
high-index maternial prisms (for example, titanium dioxide—
rutile) used 1n the prior art for waveguide evaluation cannot
be used to evanescently couple light into silicon waveguides
due to the refractive index mismatch. Additionally, manu-
facturable designs and methods of producing precision
prism structures, and appropriate methods of maintaining
the required set of geometrical constraints governing the
prism, evanescent coupling layer, waveguide, and 1mnput and
output beams over a typical device lifetime remain lacking
in the prior art.

Thus, a need remains 1n the art for a robust technique for
evanescently coupling light into and out of thin silicon
waveguides, with the coupling arrangement being perma-
nently attached to the optoelectronic circuit.

SUMMARY OF THE INVENTION

The need remaining in the prior art 1s addressed by the
present invention, which relates to a light coupling arrange-
ment for use with thin silicon optical waveguides and, more
particularly, to arrangements and methods of making sili-
con-based prism couplers that are permanently attached to
s1licon-based optoelectronic arrangements.

In accordance with the present invention, specific
embodiments of permanently-coupled prism and waveguide
structures appropriate for use with sub-micron silicon
waveguides 1n the wavelength bands of interest for telecom-
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munications application are disclosed. Specification and
control of parameters critical to device operation such as
material choice, device geometry and associated tolerances,
fabrication and stability of the evanescent coupling layer or
medium, and beam size, quality, and shape are discussed.
Methods of fabricating the inventive device that are consis-
tent with the choices and tolerances of these critical param-
cters are given.

In accordance with the present invention, a trapezoidal
single-crystal silicon prism 1s formed and permanently
attached so as to make optical contact to an SOI water (or
any structure including a relatively thin, sub-micron silicon
waveguide). Waler-to-waler bonding 1s the preferred
method for attaching a prism waler to an SOI walfer.
Alternatively, die-to-die or die-to-wafer bonding may be
used 1n performing the present mvention. Additionally, 1t 1s
possible to attach the prism water (or die) to the SOI water
(or die) by bringing the two mating surfaces into close
proximity or creating optical contact, and thereafter using an
adhesive to complete the attachment.

In order to provide optical coupling in accordance with
the present invention, the silicon waveguide 1s doped to
exhibit a refractive index that 1s slightly less than the prism
coupler (refractive index of silicon=3.5). An intermediate

evanescent coupling layer, disposed between the waveguide
and the prism coupler, 1s formed of a material with a
refractive index less than both the prism and the waveguide.
In one embodiment, the evanescent coupling layer com-
prises a constant thickness. In an alternative embodiment,
the thickness of the evanescent coupling layer changes
monotonically (along the direction of propagation in the
waveguide) to improve the coupling efliciency between the
prism and the waveguide. For the purposes of the present
discussion, such an evanescent coupling layer will herein-
alter be referred to as a “tapered” evanescent coupling layer.

In various embodiments of the present invention, the
prism coupler may include a rectangular cavity etched into
a prism base surface that 1s contiguous with the evanescent
coupling layer. For embodiments that utilize an evanescent
coupling layer of constant thickness, the cavity creates
corner edges that function to truncate an incoming beam
passing through the prism and improve coupling efliciency
into the underlying silicon waveguide. In one embodiment,
the entire base surface of the prism wafer (which may
include one or more cavities) 1s covered with a material
exhibiting a relatively low refractive index (for example,
silicon dioxide). The tapered evanescent coupling layer 1s
used 1n embodiments that do not require a cavity structure
for optical coupling. However, cavity structures may be
employed with any of the embodiments of the present
invention to facilitate attachment of the prism coupler to a
patterned SOI wafer or die.

The present invention details novel methods of fabricating
high-index prism structures and utilizes silicon-based mate-
rials for the prism structure. Advantageously, precision
s1licon-based prism structures can be produced 1n quantity
by well-known, wafer-scale silicon processing techniques.
Novel methods of controlling the critical interface between
the prism structure and the wavegumide are introduced
through the use of appropnate die-to-die, die-to-water or
waler-to-wafer alignment and bonding techniques. The
inventive method of achieving high-efliciency coupling 1n
thin silicon waveguides fabricated by silicon-on-insulator
technology 1s made possible by these designs and tech-
niques.
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Other features and advantages of the present immvention
will become apparent during the course of the following
discussion and by reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings,

FIG. 1 illustrates an exemplary prior art prism coupling
configuration utilized for waveguide characterization;

FIG. 2 illustrates another prior art waveguide character-
ization arrangement, this embodiment using a pair of prism
couplers;

FIG. 3 illustrates a conventional multi-layer SOI wafer
structure, including a relatively thin silicon waveguide layer;

FIG. 4 contains a first embodiment of a silicon-based
prism coupling arrangement formed in accordance with the
present ivention;

FIG. 5 contains an alternative embodiment of a silicon-
based prism coupling arrangement of the present invention
including etch-created areas on the die or wafer to permuit
optical or electrical measurement, test and mspection activi-
ties;

FIG. 6 1s an alternative arrangement of the embodiment of
FIG. 4, including a low refractive index coating layer
disposed over the cavity portion of the prism structure;

FIG. 7 1s yet another alternative arrangement of the
embodiment of FIG. 4, 1n which an anisotropic wet etch
process 1s used to create angled cavity walls;

FIG. 8 mncludes a second embodiment of a silicon-based
prism coupling arrangement of the present invention, utiliz-
ing a pair ol prism couplers as separate input and output
couplers;

FIG. 9 illustrates yet another embodiment of the present
invention, utilizing a tapered evanescent coupling region
with a linearly varying thickness disposed between the thin
silicon waveguide layer and the prism coupler;

FIG. 10 1s an exploded view of the mput portion of the
arrangement of FIG. 9;

FIG. 11 illustrates an alternative to the arrangement of
FIG. 9, wherein in addition to the tapered evanescent
coupling region, a cavity 1s included 1n the prism coupler to
accommodate various topology variations 1n the SOI water;

FIGS. 12-19 illustrate various major steps 1n an exem-
plary process of forming a prism coupler structure 1n accor-
dance with the present invention;

FIG. 20 1s a graph of the mput and output beam profiles
associated with using a constant thickness evanescent cou-
pling region;

FIG. 21 1s a plot of coupling efficiency as a function of
evanescent coupling layer thickness, for three different sili-
con waveguide layer thicknesses; and

FIG. 22 1s a graph of the mput and output beam profiles
associated with using a tapered thickness evanescent cou-
pling region.

DETAILED DESCRIPTION

FIGS. 1 and 2 illustrate two well-known examples of prior
art prism coupling arrangements that utilize the principle of
evanescent coupling to introduce a light signal into a planar
waveguide structure. In the arrangement of FIG. 1, a light
beam 1s introduced from an external source to an input facet
10 of a prism 12 and thereatter propagates through prism 12,
passes through an evanescent coupling medium 13 (in this
case, air) and then into a waveguide 14. The light signal 1s
then extracted from waveguide 14 by evanescently coupling,
light back out of waveguide 14 and into prism 12. Light 1s
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detected from output facet 16 of prism 12 via a photode-
tector 17 only when the angle of incidence fulfills the
phase-matching condition determined by: (1) the polariza-
tion state of the input light signal; (2) the refractive indexes
of prism 12, evanescent coupling medium 13, waveguide 14
and waveguide substrate 19; (3) the thickness (g) of eva-
nescent coupling medium 13 and the thickness of waveguide
14; and (4) the order of the mode 1n the waveguide. By
detecting light for two diflerent modes, it 1s possible to use
this configuration to extract information on the refractive
index and thickness of the waveguide. In this prior art
configuration, an actuator 21 1s used to adjust the gap g
between prism 12 and waveguide 14.

In the arrangement of FIG. 2, two separate prisms 20 and
22 are used to evanescently couple light into and out of a
waveguide 24. A light beam 1s 1introduced from an external
source to an mput facet 26 of input prism 20 and then passes
into waveguide 24 via evanescent coupling region 25. The
light beam propagates along a predetermined length of
waveguide 24 and 1s then coupled into output prism 22 and
exits through output facet 28 of output prism 22. By varying
the prism-to-prism distance, additional information can be
extracted on the attenuation per unit length of the waveguide
structure. As output prism 22 1s typically separated from
waveguide 24 by a few hundred nanometers, index-match-
ing fluid 29 1s generally used to facilitate moving output
prism 22 laterally over the wafer to perform the measure-
ment. Additionally, index-matching tluid 29 serves as the
evanescent coupling medium and, therefore, must exhibit a
refractive index and viscosity value that enables optical
coupling. In this case, a first actuator 31 1s used to control the
gap spacing between mput prism coupler 20 and waveguide
24, while a second actuator 33 1s used to control the gap
spacing between output prism coupler 22 and waveguide 24.

In the arrangements of both FIGS. 1 and 2, the motion of
actuators 21, 31 and 33 must be extremely well-controlled.
In particular, displacements 1n a direction normal to the
mating prism and waveguide surfaces (i1.e., motion that
varies the thickness g as illustrated in FIG. 1) must be
changed 1n nanometer-scale increments to optimize coupling
elliciency. Such fine motion control requires the use of
expensive and bulky piezoelectric drivers or stages. It 1s also
imperative that the displacement 1s confined entirely to the
normal axis; any motion along axes orthogonal to the normal
will introduce a wedge angle between the mating surfaces.
In addition, if the wedge angle does not permit the gap 1n the
evanescent coupling region to assume a sufliciently small
value (thus characterizing “very close proximity”—where
this may occur 1f regions ol the prism base physically
contact the waveguide), no significant amount of light will
be coupled through the arrangement.

For output prism 22 of FIG. 2, an additional actuation
mechanism (not shown) 1s required to translate the position
of output prism 22 vis-a-vis input prism 20. Again, the
lateral displacement of output prism 22 must be confined
entirely to a single axis to prevent wedge formation and the
associated decoupling problems. Lastly, the physical size
and extent of actuators 31 and 33 can limit the minimum
separation distance that can be achieved between input
prism 20 and output prism 22, which presents a problem
when 1t 1s desired to couple 1nto short sections of waveguide.
Thus, significant improvements, both 1n coupling efliciency
and ease of use, are made 1n accordance with the present
invention by physically attaching a coupling prism to a
waler/die containing a waveguide.

Both examples of the prior art utilize evanescent prism
coupling to enable waveguide characterization. In this appli-
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cation, the prism or prisms, the input light source and 1nput
optics, the actuation mechanism to bring the prism or prisms
into close proximity to the waveguide, as well as the
detection system, are all defined as components of the
prism-coupler system. Such systems are temporarily
coupled to a given waveguide for evaluation purposes only;
the waveguide 1s then decoupled and subsequent
waveguides for evaluation are introduced to the prism
coupler system. The arrangement of the present imnvention
overcomes the “temporary” nature of prior art coupling
systems.

The various embodiments of the present invention all
concern evanescent coupling of light into thin silicon
waveguides via silicon prism structures that are produced by
a combination of conventional semiconductor processes and
materials methods including silicon-on-insulator, lithogra-
phy, etching, thin-film deposition, anti-reflective coating,
and wafer-to-waler attachment/bonding technologies. These
silicon waveguides are required to be relatively thin, “sub-
micron”, on the order of 0.35 um or less, so as to be able to
support a single mode light signal in the vertical direction.
In the horizontal direction, single or multi-mode operation
may be supported by choosing an appropriate width for the
waveguide. Thus, during the remainder of this discussion,
the waveguide may be referred to as a “single mode silicon
waveguide”, with the understanding that a multimode
waveguide and/or a thicker waveguide may also be used and
supported. The term “silicon waveguide™, as used in the
specification, 1s not considered to be limiting in the defini-
tion of the waveguide as a single layer of single-crystal
silicon material. The “silicon waveguide” of the present
invention may also comprise a multilayer construction of
silicon and/or polysilicon materials with specific character-
istics for each individual layer (1.e., doping and thickness)
tallored for a variety of different device applications. In
some embodiments, the silicon-based layers are separated
by extremely thin dielectric layers (on the order of 100 A or
less) that still permit a high degree of coupling between the
silicon-based layers within the wavegude structure.

A simple example of a conventional multilayer structure
30 of a water containing a thin silicon waveguide layer 32
that may be used 1n accordance with the present invention 1s
shown 1n FIG. 3. The base substrate consists of a silicon
layer 34 that 1s typically 500—1000 um 1n thickness. Directly
on top of silicon layer 34 1s a buried oxide (or BOX) layer
36 that typically consists 01 0.4-3.0 um of silicon dioxide (or
other suitable insulator material). For non-optical electronic
applications, BOX layer 36 1s required to achieve electrical
isolation of elements 1n the active silicon layer 32 from the
bulk silicon layer 34. For optoelectronic applications, such
as 1n the case of the present mvention, BOX layer 36 also
serves as the low-refractive mndex medium and bottom
cladding layer (n=~1.45 for silicon dioxide 1n the 1.1-1.6 um
region) that permits total internal reflection (TIR) at the base
of silicon waveguide layer 32. In order for light to be
single-mode within a high refractive index material such as
silicon (n=~3.5 i the 1.1-1.6 um region), the thickness of
silicon waveguide layer 32 should not exceed 0.35 um. In
the particular embodiment as illustrated in FIG. 3, an
additional thin silicon dioxide layer 38 1s deposited on top of
silicon waveguide layer 32 as a protective covering layer.
The thickness of layer 38 may vary across the water, but
needs to have a prescribed thickness 1n the optical coupling,
regions. IT the prescribed thickness in the optical coupling
regions 1s nonzero, layer 38 forms at least part of the
evanescent coupling layer. In other sections of the water (not
used for optical coupling) the thickness of layer 38 may be
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increased, so as to serve as an upper cladding layer for the
optical waveguide 32, as well as to provide electrical 1s0-
lation from conducting wires that may be employed 1n the
device. Total internal reflection (TIR) within waveguide
layer 32 1s ensured by the use of a material for layer 38 with
a relatively low refractive index, such as silicon dioxide
(n=1.43), silicon nitride (n=~2.0) or air (n=1.0).

In accordance with the present invention, to couple light
elliciently into the multilayer structure of FIG. 3 throughout
the device lifetime, the inventive prism structure 1s perma-
nently attached to a walfer (or a die portion of a wafer)
containing a waveguide structure such as waveguide 32.
During the attachment process, the thickness of the evanes-
cent coupling layver must be very tightly controlled in
magnitude 1n order to obtain optimal coupling efliciency.
Subsequent to the attachment process, the optimal coupling
clliciency must be maintained over the device lifetime.
FIGS. 411, as will be discussed 1n detail below, all illustrate
particular embodiments of the present invention that accom-
plish this goal. It 1s to be understood that the preferred
“attachment” mechamism 1s bonding; however, other adhe-
sives and means for providing permanent attachment of the
s1licon prism coupler to a water/die may be used. For these
alternative joining methods, the physical attachment of the
prism coupler to the SOI water or die may occur at surfaces
removed from the evanescent coupling region.

To achieve high coupling efliciency, the prism structure of
the present invention 1s defined by the following character-
1st1Cs:

1) The refractive index of the prism 1s equal to or greater
than that of the silicon waveguide;

2) The prism material exhibits a relatively high optical
transmittance 1n the wavelength range of interest (e.g.,
1.1-1.6 um);

3) The base surface of the inventive prism that mates with
the SOI water must exhibit a high degree of smoothness. IT
this condition 1s not met, the resultant thickness of the
evanescent coupling layer will be determined by “high
points” on the prism surface, instead of the desired range of
values that guarantees high coupling efliciency;

4) In some embodiments, as will be described below, a
well-defined edge or corner must be fabricated that sharply
truncates the input beam to permit optimization of coupling
during alignment. For the purposes of the present invention,
the term “well-defined” means that the dimensions of typical
irregularities at that edge must be much smaller than the
dimensions of the projection of the mmput beam upon the
mating or coupling surface of the prism; and

5) High-quality anti-reflection coatings are preferred on
the angled facets of the prisms to prevent the significant
Fresnel losses that occur when a light beam 1s incident from
air upon a high-refractive mndex medium, or vice versa.

As the prism structures of the present invention will be
permanently attached to the waveguide wafter, 1t 1s important
that the prism structures embodied by the above-defined
characteristics be fabricated reliably and reproducibly 1n a
maternial that 1s readily obtainable. Suitable embodiments of
such prism structures are illustrated in FIGS. 4-11.

As mentioned above, prior art prism coupling arrange-
ments have not been etlicient in terms of coupling energy
into silicon waveguides (even in the case of temporary
coupling arrangements), since prisms with a sufliciently
high refractive index (n=3.5 or higher) are not commercially
available. For example, in most prism couplers, the material
with the largest refractive index that 1s used i1s titanium
dioxide crystal (rutile), which has an extraordinary refrac-
tive mndex n_=2.8 1n the visible portion of the spectrum, and
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a value closer to n_=2.6 1n the optical spectrum of 1nterest to
the present mvention (1.1-1.6 um). Traditional prior art
optical glasses exhibit an even lower refractive index, gen-
erally on the order of n=2.1. One possible alternative 1s to

use prisms of GaAs, which exhibit a refractive index of 5

n=~3.6 1n the optical wavelength range of interest. However,
prisms of GaAs are not readily manufacturable, since GaAs
1s a relatively brittle and expensive material.

In accordance with the present invention, therefore, a
solution to this prior art problem 1s to use very similar
single-crystal silicon maternals for both waveguide layer 32
and the prism coupler. Single-crystal silicon prisms, as will
be discussed below, can be readily and inexpensively manu-
factured using the same processing and fabrication tech-
niques used to form other silicon-based electronic and
optical circuits and devices. Advantageously, the optical
transmittance properties of the single-crystal silicon prism
are very high 1n the telecommunications wavelength bands
of interest, as 1s the case for the silicon waveguides, where
it 1s known that optical loss 1s less than 0.4 dB/cm 1n a
s1licon waveguide structure. For optimal device operation, 1t
1s preferred to utilize a silicon prism water with a refractive
index that slightly exceeds that of the device silicon layer. As
mentioned above, in order to satisty the mode-matching
condition from the prism to the wavegwmde, the prism
refractive index must equal or exceed that of the waveguide.
However, there will be a Fresnel reflection (thus reducing
the amount of transmitted light) that depends on the refrac-
tive index mismatch between the silicon prism water and the
silicon device layer of the SOI wafer. Thus, to fulfill the
mode-matching condition but also minimize the transmis-
sion loss through the device, the refractive index of the
prism waler should be chosen to be slightly greater than the
silicon waveguide layer.

One advantage of the present invention is that the desired
relationship between the refractive indexes of the silicon
prism coupler and the silicon waveguide layer within the
SOI structure can be easily achieved by specilying appro-
priate ranges of resistivity values for the two silicon mate-
rials. For example, 1n a standard SOI water, the silicon
waveguide layer can be doped with boron, aluminum, or
gallium to produce a p-type material; or with phosphorus,
arsenic, or antimony to produce an n-type material. Avail-
able silicon water resistivity levels cover the range from
0.001 €2-cm (which corresponds to a doping level of 10 /
cm® at room temperature) to 10,000 ©Q-cm (which corre-
sponds to a doping level of 10'*/cm” at room temperature).
As an example, for a commercial grade SOI water that has
undergone all the steps associated with SOI waler process-
ing, the device silicon waveguide layer of a “nominally
undoped” <100> SOI wafer has a resistivity value on the
order of 1020 ©-cm (approximately 10'°/cm” doping level
at room temperature). By specilying an appropriate mini-
mum resistivity value for the silicon prism wafer (in this
example, a minimum resistivity exceeding 20 £2-cm) and the
type of dopant, 1t 1s ensured that the refractive index value
of the silicon prism wailer will equal or exceed that of the
device silicon wavegude layer of the SOI water. By speci-
fying a maximum silicon prism wafer resistivity of approxi-
mately 1000 Q-cm (approximately 10°/cm” doping level at
room temperature), the refractive index of the silicon prism
waler will exceed that of the silicon device layer of the SOI
wafer by about An=107".

FI1G. 4 1llustrates a first embodiment of a prism coupling
arrangement ol the present invention. In this particular
example, a single-crystal silicon trapezoidal prism 40 1s used
to provide both mput and output coupling between an
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exterior beam and single mode silicon waveguide 32. In this
case, single mode waveguide 32 has a thickness of only
approximately 0.14 um. While this choice of thickness 1s an
exemplary value, 1t 1s to be understood that the thickness of
the waveguiding layer 1s not so limited. An AR coating layer
42 (such as silicon mitride) 1s disposed to completely cover
the exterior surface of trapezoidal prism 40. Since silicon
has a refractive index ol approximately 3.5 for the wave-
length range of interest, and the medium external to prism 40
1s air (n=1.0), the Fresnel loss associated with each transit
through an air-silicon interface 1s on the order of 30%. As
two such transits are required to complete the path through
any given device, a 50% loss would occur at the prism
surfaces alone, where this amount of loss 1s unacceptable for
most applications. Thus, the presence of AR coating 42
serves to significantly reduce the Fresnel loss. In one
embodiment, AR coating 42 may comprise a layer of silicon
nitride of appropriate thickness, which has a refractive index
on the order of 2.0. Other materials, or combinations of
materials (in one or more layers) may also be used.

Referring back to FIG. 4, base 44 of prism 40 1s shown as
disposed above dielectric cladding layer 38. As mentioned
above, layer 38 functions as the evanescent coupling layer
for this inventive structure. In accordance with this particu-
lar embodiment of the present invention, an etched-back
cavity 46 1s formed through base 44 of prism 40, cavity 46
formed to provide comer edges 48,50 that facilitate the
truncation of the light beam at the interface between prism
40 and layer 38.

As shown 1n FIG. 4, an mput beam I passes through an
iput facet 52 of prism 40 and truncates at comer edge 48,
where 1t 1s coupled through evanescent coupling layer 38
into silicon waveguide layer 32. After propagating through
waveguide 32, an output beam O will encounter comer edge
50 and thereafter be coupled back into prism 40 via eva-
nescent coupling layer 38 and ultimately exit prism 40 along
output facet 54. As will be described 1n detail hereinbelow,
iput facet 52 and output facet 54 are preferably formed
using an anisotropic wet etch process (that 1s, a process that
ctches different crystal planes at diflerent rates). For a silicon
waler with a <100> crystal orientation, anisotropic wet
etching produces characteristic V-groove structures, with
sidewalls that form a 54.74° angle with respect to the plane
of the water (as shown 1n FIG. 4). To improve the optical
quality of input facet 52 and output facet 54, an additional
1sotropic etch step may be used to reduce the surface
roughness.

In the particular embodiment of FIG. 4, etched cavity 46
comprises an air gap surrounded by bare silicon sidewalls,
where air exhibits a refractive index n=1.0. The beam 1s
required to be truncated at mnput comer edge 48 to prevent
light that has been transferred from prism 40 to waveguide
32 from being coupled back ito prism 40 via the same
mechanism. The sharpness of the truncation 1s important in
that 1t will determine the magnitude of the coupling efli-
ciency. As will be discussed below, a reactive-ion etch
process can be applied to a masked water to produce both
the required corner edge and a short section of vertical wall.
Other etching techniques, such as 1on milling, plasma etch-
ing, wet chemical etching, or the like, may also be used to
define the comer edges of the cavity within the iventive

prism coupling structure.

FIG. 5 1llustrates an alternative to the embodiment of FIG.
4, where an additional window 60 1s created at a location
along top surface 61 of prism 40 such that an anisotropic
etch process may be used to remove additional silicon
material from the interior portion of prism 40, forming in
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this example mterior edge surfaces 62, 64. If the etch
continues until a portion of base surface of prism 40 1is
removed, the underlying region of SOI wafer will be
exposed. As mentioned above, etched windows permit direct
viewing ol, as well as physical contact to, the underlying
SOI wafer 30 1n areas where visual ispection, specific
optical tests and/or electrical testing 1s required. In the
particular embodiment of FIG. 5, window 60 1s opened in
approximately the mid portion of trapezoidal prism 40 to
allow physical contact to the device structure in waveguide
layer 32 located immediately below cavity 46. Such an
arrangement 1s exemplary only, and it 1s to be understood
that with an appropriate mask and etch process that any
desired area of SOI water 30 can be accessed 1n this manner,
provided that the window 1s not immediately adjacent to an
input/output facet structure. In this particular arrangement as
shown 1n FIG. 5, both prism facets 52, 54 and window 60 are
produced using similar anisotropic wet chemical etch pro-
cesses. However, one or more windows may be produced
using, for example, separate reactive 10on etch processes, in
that case forming vertical (rather than angled) walls 1n the
window area.

Another embodiment of the present invention 1s 1llus-
trated 1n FIG. 6, where cavity 46 1s shown as covered with
a relatively thin layer 56 of a material exhibiting a relatively
low refractive index, for example, silicon dioxide (n=1.45).
In this context, “low refractive index’ corresponds to a value
that will provide total iternal reflection at the silicon/
coating interface for a typical range of angles of incidence
for input beams I, and 1s typically less than 2. Exemplary
materials that meet this criterion (apart from silicon dioxide)
include silicon nitride, silicon oxynitride and silicon carbide.
As will be discussed below, for device configurations in
which the material or materials that constitute the evanes-
cent coupling region are deposited or grown partially or
completely upon base surface 44 of silicon prism 40 prior to
attachment, the etched surfaces of cavity 46 and base surface
44 will simultaneously be coated with the same material.
That 1s, layer 56 may be automatically created in the same
process step used to deposit layer 38. One advantage of the
embodiment of FIG. 6 1s that all surfaces of prism 40 can be
coated, protecting prism 40 from environmental hazards. In
this particular embodiment, a reactive-1on etch process may
be applied to a masked prism watler to form both required
comer edges 48, 50 and a short section of vertical wall 51,
53 prior to the above-described deposition step.

FI1G. 7 1llustrates a slight variation of the embodiment of
FIG. 6, where 1n this case cavity 46 1s formed using an
anisotropic wet etch process similar to that used to form
facets 52 and 54, in place of the reactive 1on etch process
described above. In some instances, wet etching may be a
preferred method of creating cavity structures, in order to
reduce the total number of different processes required for
prism fabrication. As shown 1n FIG. 7, the use of a wet etch
process yields angled sidewalls 66, 68, while still maintain-
ing the required comer edges 48 and 50. That 1s, since angled
sidewalls 66, 68 rise steeply from the plane of SOI water 30
(1.e., at an angle of 34.74°), the abrupt discontinuity at base
44 of prism 40 will naturally form the desired comer edges
48, 50. The particular embodiment of FIG. 7 also includes
thin layer 56 as described above. However, it 1s to be
understood that the use of an anisotropically etched cavity
46 may be used without such a covering layer, as 1s shown
in the arrangements of FIGS. 4 and 5.

An advantage of the prism coupling structure of the
present invention 1s the inherent compactness in the arrange-
ment. The small footprint 1s enabled by the precise pattern-
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ing available through lithographic techniques and by the
high degree of alignment accuracy between (1) multiple
prism structures, and (2) prism structures and the
waveguide. In particular, base 44 of trapezoidal prism 40
may be short as 1-2 mm. However, since cavity 46 must be
formed so as to bridge the full length of the device structure
in the underlying silicon waveguide 32, base 44 1s more
likely on the order of 1-10 mm. By contrast, prior art
arrangements that utilize adiabatic tapers to couple light
from fiber mputs and outputs to thin silicon waveguides
require tapers that are approximately 3 mm 1n length to
couple to waveguides with thicknesses on the order of 3-5
um. As tapers are required on both the iput and output ports
of such a prior art device, the minimum length of the light
coupling structure using adiabatic tapers 1s approximately 6
mm. Thus, the number of devices that can be produced on
a waler of a fixed size 1s increased by using the smaller
dimensioned arrangement of the present invention. It 1s
anticipated that the density of devices per unit area sup-
ported by the present mvention will continue to increase
with 1mprovements in silicon manufacturing and bonding
technologies.

FIG. 8 1llustrates an alternative embodiment of the present
invention that utilizes a pair of trapezoidal prisms 70, 72 to
provide coupling into and out of silicon waveguide layer 32.
An AR surface coating 74 1s disposed to completely cover
both input coupling prism 70 and output coupling prism 72.
Depending on the exact sequence of process steps, the AR
coating may cover the SOI waler region between trapezoids,
as shown 1n FIG. 8, or these waler regions may remain free
of the AR coating material or materials. An mput beam 1 1s
coupled through input facet 76 of mmput prism 70 and
propagates through prism 70 in the manner shown. When
input beam I reaches corner termination 78 of prism 70,
beam I will be coupled through evanescent coupling layer 38
into waveguide layer 32. Since the opposing corner 78 of
prism 70 will truncate the beam and provide coupling, there
1s no need to form an etched region in the interior of prism
70 along base 80 for beam truncation purposes, as was the
case for the embodiments described above 1n association
with FIGS. 4-7. In a similar manner, edge 82 of output prism
72 will couple the light beam out of waveguide layer 32 and
into prism 72, directing the output light beam O to exit along
output facet 84 of output prism 72. The structure as 1llus-
trated 1n FIG. 8 1s considered to be functionally equivalent
to the above-described prism structures, provided that corner
edges 78 and 82 are sharp and well-defined, applying the
same criteria as mentioned above. While not depicted 1n
FIG. 8, etched cavity structures may still be required with
this embodiment, or any embodiment of the present inven-
tion, to provide necessary physical clearance above SOI
water 30, as well as to properly mate and attach the prism
waler or die to the SOI wafer or die.

In each of the embodiments of FIGS. 4-8, evanescent
coupling layer 38 1s defined as a silicon dioxide layer
disposed directly above waveguide layer 32 on SOI wafer
30. In the prior art, the evanescent coupling layer was an air
or hqud-filled region that temporarily separated the
waveguide from the prism coupler during the evaluation
process. For the permanent coupling arrangements of the
present invention, a reliable and stable attachment, prefer-
ably 1n the form of a bond, must be formed between the base
surface of the silicon prism(s) and the waveguide surface of
the SOI watler. Advantageously, evanescent coupling layer
38 may be used to provide this desired attachment property.
In general, evanescent coupling layer 38 can comprise any
medium/material with a sufliciently low refractive index.
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For the purposes of the present invention, “sufhiciently low”™
refractive index means that the mode propagation constant 1s
imaginary in the evanescent coupling layer 38, but real
within the silicon prism and waveguide layer 32. If this
condition 1s satisfied, the electric and magnetic fields decay
exponentially across the evanescent coupling layer thick-
ness. For example, using the mode angles and propagation
constants appropriate to silicon prisms and thin silicon
waveguides, a “sufliciently low” index means less than
approximately 2.4. In addition, for the various embodiments
as discussed above 1t 1s desirable that evanescent coupling
layer 38 be compatible with conventional semiconductor
processing techniques. Therefore, air (n=1.0), silicon diox-
ide (n=1.45) and silicon nitride (n=2.0) are all examples of
appropriate evanescent coupling media that may be used 1n
accordance with the teachings of the present invention.
FIG. 9 illustrates yet another alternative embodiment of
the present invention, where a prism coupler 90 including an
input coupling facet 92 and output coupling facet 94 is
utilized with an evanescent coupling layer 96 that exhibits a
linearly varying thickness, as shown. FIG. 10 1s an exploded
view ol the imput portion of the arrangement of FIG. 9,
depicting a set of three rays 93, 95 and 97 that loosely define
the dimensions of the mput beam. Ray 93, the left-most (or
lowest) ray of iput beam I, 1s refracted to the region 96-L
ol evanescent coupling layer 96. Ray 95, the center ray of
input beam I, 1s refracting to central region 96-C of evanes-
cent coupling layer 96 and ray 97 (the uppermost ray) 1is
refracted to upper region 96-U of evanescent coupling layer
96. Light 1s first coupled into region 96-L, with more and
more light accumulating 1n the underlying silicon waveguide
layer 32 as the light progresses from region 96-L to region
96-C and then into 96-U. The thickness variation 1s con-
trolled such that the evanescent coupling thickness 1s thinner
than the optimal value i region 96-L and thicker than
optimal 1n region 96-U. Here, the term “optimal” 1s used to
denote a thickness essentially equal to the value that maxi-
mizes coupling etliciency for an evanescent coupling layer
of constant thickness. If the magmtude of the thickness
variation 1s properly controlled, 1t 1s not necessary to form
a cavity 1n the optical coupling region of prism 90, since the
tapered evanescent coupling layer performs the same func-
tion of decoupling the light from prism 90 and into
waveguide 32 (or vice versa at the output). This occurs since
the thickness of tapered evanescent coupling layer 96 1s
sulicient large 1n the region beyond 96-U to prohibit light
from coupling from waveguide layer 32 back into prism 90.
Although cavity structures are not required to abruptly cut
ofl the beam 1n the optical coupling areas when a tapered
evanescent coupling layer 1s utilized, similar structures may
still be required to provide physical clearance above SOI
watler 30, as well as to properly mate and attach the prism
wafer/die to the SOI water/die. As discussed above, thin
dielectric layer 38 (see FIG. 3) that immediately overlies the
s1licon waveguide may vary in thickness from one portion of
the water to another. In general, the regions of layer 38 that
mate to the optical coupling surface are thinner than other
regions of layer 38, so that the non-optical coupling regions
of layer 38 form “high points” (or more accurately, “high
surfaces”) on SOI water 30. If layer 38 1s directly mated to
a prism waler or die with a completely tlat base surface, the
optical coupling surfaces of the prism waler and the SOI
waler will not make proper physical contact and therefore
cannot be permanently attached in the manner required for
the coupling arrangement of the present invention. In the
above-described embodiments, the attachment process 1is
successiul because the formation of a cavity in the base
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surface of the prism 1s formed to exhibit a height of several
tens of microns, automatically providing the required clear-
ance. That 1s, the attachment process works because the
prism waler has a patterned, not flat, base surface. The
formation of cavity structures in the prism coupler to accom-
modate the topology of the SOI waler may be employed
with any of the embodiments of the present invention, not
only that disclosed 1n FIG. 11.

FIG. 11 depicts an arrangement similar to FIG. 9, except
that slab SOI water 30 of all previous embodiments 1s
replaced with a device SOI water 100 in which surface layer
102 exhibits a non-planar (or patterned) surface structure in
the vicinity of the device structure 1n an underlying silicon
waveguide layer 104. For the purposes of discussion, surface
layer 102 1s 1illustrated as having two different thickness
values, d, and d,, where d, 1s defined as the thickness 1n the
optical coupling region and d, 1s defined as the thickness 1n
device regions. In most cases, d, has a value ranging from
zero to d, and d, 1s typically a few microns greater than d, .
In this coupling arrangement, a prism coupler 110 including
a cavity 112 1s used to couple light into and out of waveguide
layer 104. The evanescent coupling layer 114 1s then depos-
ited over base surface 116 of prism 110. If cavities 112 are
sufliciently deep, the dielectric material that accumulates on
regions of the prism surface that are not associated with the
taper will provide adequate clearance for the “high surfaces™
of layer 102 on SOI water 100.

FIGS. 12-19 illustrate various major steps in an exem-
plary process of forming a prism coupler structure 1n accor-
dance with the present invention. The process steps are
considered to be exemplary only, and the present invention
1s not considered to be limited to any particular process step
choices. Referring to FIG. 12, the prism fabrication process
begins with a silicon substrate 200 that i1s oriented along the
<100> crystal plane. In accordance with the present mnven-
tion, silicon substrate 200 1s chosen to have a dopant species
and concentration such that the refractive index of the prism
waler 1s at least equal to that of the silicon waveguide 1n an
associated SOI water of the final structure (not shown). The
thickness of substrate 200 1s selected to fabricate a prism
coupler with a specific height. Advantageously, a prism
design based on industry standard water thickness (e.g., 625
um=25 um for a six-inch diameter watfer) will result 1n
significant cost reduction. Base surface 210 of substrate 200
1s desired to exhibit a very smooth surface to facilitate the
attachment (e.g, bonding) of the completed prism wafer to
the SOI waveguide wafer.

As shown 1n FIG. 12, a thermal oxide 212 1s first grown
on substrate 200 to function as a hard mask during the
process of defining the cavity region (particularly required
when using some deep RIE processes). A hard mask 1s
typically defined as a material that 1s more resistant to a
subsequent etch process than the photoresist conventionally
used with standard lithography processes. Subsequent to
growing oxide 212, a mask 214 is used to define layer 212
and (ultimately) cavity region 216, as shown i FIG. 13. As
discussed above, cavity region 216 may be formed using an
RIE process, an anisotropic wet chemical etch process, or
alternatively using processes such as plasma etching or 1on
milling. As discussed above, sidewalls 218 of cavity 216 are
then used to define the comer edges for the prism coupler.
Hence, sidewall roughness that 1s significantly less than the
wavelength of the optical beam 1s required for the sidewall
region that 1s in the beam path. Subsequent to the formation
of cavity 216, the remaining portions of oxide 212 are
removed, as shown 1n FIG. 14, such as by using a buflered

HF etchant.
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Once cavity region 216 1s formed, substrate 200 1s re-
oriented such that opposing surface 230 may be processed to
form the required coupling facets. FIG. 15 illustrates sub-
strate 200, as covered by an etch mask 220 to define the
locations of the prism facets, where back-to-front alignment
may be used to confirm that facets are properly formed with
respect to the opposing cavity region. Surface 230 1s then
patterned, as shown 1n FIG. 16, to expose the desired areas
of substrate 200 and an anisotropic wet etch process (using,
for example, KOH) 1s used to form a set of V-grooves 222
(at an angle of 54.74° with respect to the horizontal direc-
tion). The depth of V-grooves 222 1s determined by the
proper selection of the openings in masking layer 220. It
should be noted that alignment of the photolithography mask
to the crystallographic axis of substrate 200 1s highly desir-
able for producing smooth V-groove surfaces . To further
improve the surface smoothness of the etched V-grooves, a
wet 1sotropic polish etch may be used. It 1s to be noted that
a through-etched window, as discussed above in association
with FIG. 5, can also be etched 1n the same processing step
using a larger opening on mask layer 220. Alternatively, the
through-etched window can be formed using a separate
photolithography/etch step using processes such as deep
RIE.

Masking layer 220 1s then removed, as shown in FIG. 17,
where the exposed surface 1s then covered with a relatively
thin oxide layer 224, as shown in FIG. 18, where a portion
of this layer may be used to defined the evanescent coupling
layer between a prism coupler and underlying silicon
waveguide. Layer 224 may be formed by using a thermal
oxidation process. Other processes, such as atmospheric
pressure CVD, low pressure CVD, plasma-enhanced CVD,
evaporation or sputtering may also be used. Alternatively,
other materials may be used to form this layer, as discussed
above, where other choices include silicon nitride, silicon
oxynitride, silicon carbide. For processes such as thermal
oxidation or low pressure CVD, the thickness and surface
roughness of layer 224 can be well controlled, an advantage
for forming a precisely defined evanescent coupling layer, as
well as for bonding of a prism coupler to an SOI water or
die.

FIG. 19 illustrates the formation of an AR coating 226 on
the patterned surtace of substrate 200 containing V-grooves
222. Exemplary maternials that may be used for this coating
include oxide-based and nitride-based materials. The speci-
fications for AR coating 226 will depend upon parameters
such as the type of waveguide device used, the thickness of
waveguide layer 32 (as well as the tolerances of these
parameters), the diameter of the mput optical beam and the
wavelength range of interest. AR coating 226 may be formed
prior to attaching the prism waler to the SOI wafer, or
subsequent to the attachment process. If AR coating 226 1s
tormed prior to attachment, extra care must be taken to avoid
degradation of the evanescently coupled layer and/or attach-
ment surface by stray depositions or scratches/particulates.

To physically attach the prism water (or die) to an SOI
waler including an optical waveguide layer, processes simi-
lar to those described 1n the prior art may be used. That 1s,
conventional attachment/bonding processes have been
found suflicient to provide a permanent bond between a
prism coupler and SOI waveguide layer. For example, the
coupler and SOI water may be pressed together and fused at
a high temperature to form a permanent physical bond.
Alternatively, a low temperature bonding process may be
used. The use of a low temperature process permits the
incorporation of device structures within the SOI water that
cannot withstand elevated temperatures. One exemplary
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process uses chemically activated surfaces on both the prism
and SOI water, allowing for low temperature bonding at a
relatively moderate applied pressure. The bonding chemistry
must be compatible with the materials used 1n the SOI and
prism walers. Examples include, but are not limited to,
compatibility with various integrated circuit metallizations
systems and/or AR coating matenals. Regardless of the
materials or processes used to attach the prism coupler to the
SOI water, the actual attachment must be suflicient to
withstand dicing/sawing operations used to separate the
various structures formed on a single water. Moreover, the
attachment process should not cause any electrostatic dam-
age to any active components on the SOI wafer. Another
advantage of the semiconductor-based bonding process is
the alignment accuracy that can be achieved between the
two bonded substrates using integrated circuit manufactur-
ing infrastructures. For example, alignment accuracies better
than £1 um can be routinely achieved using commercially
available tools. It should be noted that both the prism
coupler and the SOI water will have alignment features 1n
accordance with the itended application.

The coupling etliciency of the trapezoidal prism optical
coupler of the present invention can be defined by deter-
mining the ratio of the power in the output free-space beam
relative to the power 1n the mput free-space beam. Theo-
retically, for an embodiment with an evanescent coupling
layer of constant thickness, this ratio cannot exceed 80%,
since the coupling efliciency 1s ultimately limited by the
different mode profiles exhibited by the mput and output
beams. Referring to FIG. 20, the mput beam 1s shown as
having a Gaussian profile along the propagation direction,
while the beam from the output prism has an exponential
profile along the propagation direction. While 80% coupling
clliciency 1s too low to support some applications, 1t exceeds
the value associated with other coupling techniques (for
example, end-coupling or grating coupling) and benefits
from ease ol manufacture. Thus, for the purposes ol discus-
sion, 1t will be presumed that 80% coupling efliciency 1s
suilicient.

FIG. 21 contains a graph illustrating the coupling efli-
ciency for the trapezoidal coupling prism of FIG. 4, the
clliciency illustrated as a function of thickness of the eva-
nescent coupling layer 38 for three diflerent thicknesses of
waveguide layer 32. The magnitude of evanescent coupling
layer 38 1s assessed for an application wavelength of 1550
nm and an input free space beam diameter of 63 um. One
exemplary thickness of waveguide layer 32 1s approximately
0.14 um. The range of waveguide thickness shown 1n the
graph of FIG. 21 (0.13-0.15 um) represents the actual spread
in layer thickness that 1s expected for state-oi-the-art silicon-
on-nsulator (SOI) processes. It 1s evident from the graph of
FIG. 21 that the evanescent coupling layer thickness must
tall within +20 nm of the preferred value of 320 nm 1n order
to avoid decreasing the coupling efliciency by 10% (if the
tolerance on the thickness of layer 32, £0.01 um, 1s taken
into account). This limitation corresponds to approximately
a £6% tolerance 1n the evanescent coupling layer thickness,
a value that 1s achievable by current state-oi-the-art manu-
facturing methods.

The etfhiciency limit can also be translated to a specific
tolerance on the flatness of the coupling layer, using the
information contained in the graph of FIG. 21. I the
reduction 1n couphng clliciency by 10% 1s used as the
criterion, then 1t 1s known that the gap should fall within
about 300-340 nm for this example. For the configuration
and preferred embodiment of FIG. 4, the largest dimension
of the projection of the mput beam on the coupling surface
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1s about 110 um (for a free-space mput beam diameter of 63
um). Thus, the maximum permitted wedge 1s about 0.04
um/100 pum=4x10"" radians or 0.02°. It is to be noted that if
the free-space beam diameter were closer to 180 um, the
permitted wedge would be three times smaller, or 0.007°.
Thus, the manufacturing tolerance on the permitted wedge
of the evanescent coupling layer i1s significantly eased by
reducing the mput beam diameter.

To improve the coupling efliciency of the prism coupling
arrangement of the present invention, the mode profile of the
output beam can be made to more closely match that of the
input beam. As the input beam from a laser source or mput
fiber will be Gaussian, the best way to improve the coupling
eiliciency 1s to make the output profile be more similar to
that of a Gaussian beam. While the output beam 1n general
will not be truly Gaussian, if the overlap integral of the new
output beam with the mput Gaussian beam exceeds the
overlap integral of the exponential envelope with the mput
Gaussian beam, the coupling efliciency can be improved

beyond 80%.

It 1s known from the prior art that one method of modi-
tying the shape of the output beam 1s to grade the thickness
of the evanescent coupling layer along the propagation
direction, as shown 1in the embodiment of FIG. 9. That 1s, 1f
the evanescent coupling layer retains an essentially constant
thickness, as shown 1n FIGS. 4-8, light will be coupled out
of waveguide layer 32 and into prism 40 with the same
coupling strength at all points, resulting 1n an output beam
profile given by g(z)x exp(—az). FIG. 20 contains graphs
illustrating the thickness of the evanescent coupling layer 1n
the “input” and “output” areas above waveguide layer 32, as
well as graphs of the beam profile at the input and output. As
shown, the mput beam 1s essentially Gaussian, and the
output beam follows the exponential relation as discussed
above. The position of the mput comer 48 (see FIG. 4) 1s
shown on the mput beam graph and the position of output
comer 30 1s shown on the output beam graph.

FI1G. 22 1llustrates the evanescent layer thickness profiles
and 1mmput/output beam shapes associated with using a
tapered evanescent coupling layer. If the output beam 1s to
be more closely matched to the mput beam, the first light
exiting from the prism surface should be coupled fairly
weakly, so that most of the light remains 1n the waveguide.
To ensure that this occurs, the thickness of the evanescent
coupling layer should be well above the value required for
optimum coupling. After this point, the coupling strength
seen by the light needs to increase so that the majority of
light can be extracted to form the peak of the “Gaussian”-
like output beam. Thus, this portion of the beam must
sample the interface where the evanescent layer 1s close to
the optimal thickness. The majority of the energy 1s trans-
terred from waveguide layer 32 and exits the system entirely
through prism 40. Although the coupling strength continues
to 1ncrease with the decreasing evanescent layer thickness,
the amount of light exiting prism 40 starts to decrease as the
light 1n the waveguide drops to lower and lower levels. In
this manner, a more Gaussian-like profile for the output
beam 1s achieved, as shown in FIG. 22. The optimum
location of 1mput and output beam coupling, with respect to
cvanescent layer thickness and beam amplitude, 1s also
shown 1n the graphs of FIG. 22.

While the mvention concerns the design, geometry, con-
struction, and attachment of a silicon-based prism die or
waler to an SOI device wafer, similar silicon-based prism
dies or walers can be attached in the same manner to wafers
that include waveguides formed from any material that has
a lower refractive index than silicon. Some exemplary
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waveguide materials are indium phosphide, (n=3.2 at 1550
nm) and lithium miobate (n=~2.1-2.2 at 1550 nm), although
the choices are not limited to these two materials. While
such device walers cannot be manufactured with standard
silicon processing techmiques or features, applications for
these waters could still benefit from the inventive silicon
prism coupler and attachment processes described here for
optical input and output ports.

It 1s to be understood that the above-describes embodi-
ments and processes of the present invention are exemplary
only and should not be considered to define or limit the
scope of the present invention as defined by the following:

What 1s claimed 1s:

1. An optical coupling arrangement for providing a signal
path into and out of a silicon optical waveguide formed 1n a
surface layer of a silicon-on-insulator (SOI) waler, the
optical coupling arrangement comprising

a silicon-based prism coupler permanently attached to the

SOI water 1n a manner such that a first, base surface of
said prism coupler 1s disposed substantially parallel to,
and mated with, an upper waveguide surface of said
SOI water, the prism coupler including a cavity formed
within the first, base surface wherein the refractive
index of said silicon-based prism coupler at least equal
to the refractive index of said silicon optical
waveguide; and

an evanescent coupling region disposed between said

silicon-based prism coupler and said silicon optical
waveguide.

2. An optical coupling arrangement as defined 1n claim 1
wherein the thickness of the silicon optical waveguide 1s less
than 1 um.

3. An optical coupling arrangement as defined 1n claim 1
wherein the silicon optical waveguide 1s configured to
support propagation of a single mode optical signal.

4. An optical coupling arrangement as defined 1n claim 1
wherein the silicon optical waveguide comprises a multi-
layer structure of silicon-based layers, separated by rela-
tively thin dielectric layers.

5. An optical coupling arrangement as defined 1n claim 1
wherein a second, opposing surface of the silicon-based
prism coupler 1s covered by an anti-reflective (AR) coating.

6. An optical coupling arrangement as defined 1n claim 1
wherein the silicon-based prism coupler and the silicon
optical waveguide are formed to include dopants of a
predetermined species and concentration such that the
refractive index of said silicon-based prism coupler 1s equal
to or slightly greater than the refractive index of said silicon
optical waveguide.

7. An optical coupling arrangement as defined 1n claim 1
wherein the evanescent coupling region comprises a thin
film layer of a material comprising a refractive mdex less
than the refractive index of both the silicon-based prism
coupler and the silicon optical waveguide.

8. An optical coupling arrangement as defined in claim 7
wherein the thin film layer evanescent coupling region 1s
formed as a surface layer across the first, base surface of the
s1licon-based prism coupler.

9. An optical coupling arrangement as defined 1n claim 7
wherein the thin film layer evanescent coupling region 1s
formed as a surface layer above the silicon optical
waveguide layer within the SOI wafer.

10. An optical coupling arrangement as defined 1n claim
7 wherein the thin film evanescent coupling region com-
prises a multi-layer structure.

11. An optical coupling arrangement as defined 1n claim
10 wherein the multi-layer evanescent coupling region com-
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prises at least one layer formed across the first, base surtace
of the silicon-based prism coupler and at least one layer
formed as a surface layer of the SOI wafer.

12. An optical coupling arrangement as defined 1n claim
7 wherein the evanescent coupling region comprises a thin
film of a matenial chosen from the group consisting of:
s1licon dioxide, silicon nitride, silicon oxynitride and silicon
carbide.

13. An optical coupling arrangement as defined in claim
1 wherein the evanescent coupling region comprises a layer
of relatively constant thickness.

14. An optical coupling arrangement as defined in claim
1 wherein the cavity 1s formed using an etching process to
form abrupt corner edges along the region where the cavity
meets the flat bottom base surface.

15. An optical coupling arrangement as defined 1n claim
14 wherein an RIE etching process 1s used to form the cavity
with essentially vertical sidewalls.

16. An optical coupling arrangement as defined in claim
14 wherein an anisotropic wet chemical etching process 1s
used to form the cavity with angled sidewalls.

17. An optical coupling arrangement as defined in claim
1 wherein the evanescent coupling region comprises a layer
of tapered thickness so as to exhibit a predetermined small
thickness 1n regions where only a small portion of incident
light 1intensity 1s required to be transferred from the silicon-
based prism coupler to the silicon optical waveguide, said
thickness thereatter monotonically increasing as the fraction
of light intensity transferred from said silicon-based prism
coupler to said silicon optical waveguide increases.

18. An optical coupling arrangement as defined in claim
1 wherein the silicon-based prism coupler comprises a single
trapezoidal geometry, a first facet of said coupler defined as
an mput coupler and a second, opposing facet defined as an
output coupler, wherein the trapezoidal flat bottom surface 1s
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defined as the first, base surface of said prism coupler, said
flat bottom surface disposed substantially parallel to the
associated SOI water and including a formed therein.

19. An optical coupling arrangement as defined in claim
18 wherein the surfaces of the at least one cavity are coated
with a material having a refractive index that 1s sufliciently
low so as to permit total internal reflection at the corner
edges.

20. An optical coupling arrangement as defined 1n claim
1 wherein the silicon-based prism coupler comprises a pair
of trapezoidal prisms sharing a base surface disposed sub-
stantially parallel to the SOI wafter, a first trapezoidal prism
defined as an input prism and including an input facet for use
as an iput coupler and a first cavity disposed along the
shared base surface thereot, and a second trapezoidal prism
defined as an output prism and including an output facet for
use as an output coupler and a second cavity disposed along
the shared base surface thereof.

21. An optical coupling arrangement as defined 1n claim
1 wherein the silicon-based prism coupler 1s permanently
attached to the SOI water by bonding the first, base surface
of said silicon-based prism coupler to an upper waveguide
surface of said SOI wafer.

22. An optical coupling arrangement as defined 1n claim
1 wherein the cavity within the base surface of the silicon-
based prism coupler 1s configured to facilitate the attachment
of said prism coupler to the surface of the SOI walfer.

23. An optical coupling arrangement as defined 1n claim
22 wherein the cavity 1s configured to provide a clearance
above a patterned surface of the SOI waler while also
providing physical contact between the silicon-based prism
coupler and the SOI walfer.
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